An interlayer of amorphous carbon ͑a-C͒ nanotips is used to assist the growth of carbon nanotubes ͑CNTs͒ on the Cu/Ti/Si͑100͒ substrate by using microwave plasma-enhanced chemical vapor deposition ͑CVD͒. Without the interlayer of a-C nanotips, no CNTs are grown on Cu/Ti/Si͑100͒ due to the very low catalytic efficiency of Cu. The a-C nanotips mainly act as the effective medium for Cu to diffuse and to assist the formation of Cu nanoparticles on the surface. The Cu nanoparticles are the catalysts for the growth of CNTs under "tip growth" mode, observed in the transmission electron microscopy experiments. The CNTs are identified to be multiwalled CNTs. The growth rate of CNTs decreases with time, and the a-C nanotips disappear with time during growth of CNTs. A growth model is proposed to explain the role of a-C nanotips on the catalytic growth of CNTs on Cu/Ti/Si͑100͒.
Carbon nanotube ͑CNT͒, a material exhibiting unique physical properties and chemical stability, has attracted considerable research interest in the fields of field emission displays, 1 gas sensors, 2 and electronics 3 since discovered in 1991. 4 The synthesis of CNTs has been successfully developed using various techniques such as chemical vapor deposition ͑CVD͒, 5 laser furnace, 6 and arc discharge, 7 among which CVD is the most popular one because it is easy to scale up and compatible with semiconductor technologies. Whether thermal-CVD or plasma-CVD, catalysts play crucial roles in assisting the growth of CNTs on various substrates. The catalytic growth of CNTs can be cataloged into two growth modes, "tipgrowth" and "base-growth," due to the position of the catalyst inside the CNT. [8] [9] [10] The growth mode of CNTs is considered to depend on the adhesion of the catalyst to the substrate. 11 The catalyst is usually in the form of nanoparticles formed on the substrate before growing CNTs. 12 There exists a critical size of the catalytic nanoparticles, below which CNTs can be successfully grown on various substrates. 13 The size and density of CNTs are closely related to those of catalytic nanoparticles. 14, 15 Various transition metals such as Fe, Co, and Ni exhibit very high catalytic efficiency for the growth of CNTs. The main role of metal catalysts is to form nanoparticles on which bucky tubes can be grown through diffusion of carbon molecules or atoms. 16, 17 A transition metal with low catalytic efficiency for the growth of CNTs may be improved by forming nanoparticles. For example, Cu is seldom used as the catalyst because it has very low catalytic efficiency based on theoretical and experimental results. 18, 19 Vander Wal et al. reported that the Cu catalytic efficiency for the growth of CNTs was enhanced using the dispersive nanoparticles on various oxide substrates. 20 This suggests that the form of nanoparticles is important in the Cu catalytic growth of CNTs.
In this paper, we present a method to improve the catalytic efficiency of Cu by predepositing amorphous carbon ͑a-C͒ nanotips on Cu/Ti/Si͑100͒. The interlayer of a-C nanotips provides a nanostructure for Cu to diffuse and to form Cu nanoparticles on the surface, through which the catalytic efficiency of Cu can be improved for the growth of CNTs.
Experimental
A Cu film of 1 m thickness with a Ti adhesive layer ͑300 nm͒ was sequentially deposited onto p-Si͑100͒ by sputtering. The asdeposited Cu/Ti/Si͑100͒ substrate was first cleaned by acetone and deionized water and then put on a 4 in. substrate holder in a planarmicrowave plasma-enhanced chemical vapor deposition ͑MPECVD͒ system at a base pressure below 10 −2 Torr. The characteristics of the planar MPECVD can be found in the literature. 21 A mixed gas of CH 4 /H 2 was subsequently fed into the chamber to ignite the CH 4 /H 2 mixed plasma at 3000 W. CNTs were synthesized by a two-step growth process that is described as follows. First, a H 2 /CH 4 mixed gas with flow rates of 50/10 sccm was fed into the chamber at 0.14 Torr prior to growth. A layer of a-C nanotips was then grown on the Cu/Ti/Si͑100͒ substrate at −300 V and 250°C. Second, carbon nanotubes were grown on top of the a-C nanotips at a total pressure of 0.14 Torr and at a gas ratio of H 2 /CH 4 = 15:45. The growth temperature was kept at 750°C and the biased voltage was set at −200 V. The surface morphologies and microstructures of the as-grown samples were characterized using a JEOL JSM-6500F field-emission scanning electron microscope ͑FESEM͒ and a JEM 2010 transmission electron microscope, respectively. The Raman spectra were measured using a high-resolution micro-Raman ͑JOBIN YVON LabRAM HR͒ spectroscope. The beam size of the micro-Raman was 1 m defined by a laser source of a wavelength of 488 nm.
Results and Discussion
The synthesis of CNTs on the Cu/Ti/Si͑100͒ substrate has been performed using various growth parameters such as mixed gas ratio of H 2 /CH 4 , substrate temperature, and bias voltage. No CNTs are grown on the Cu/Ti/Si͑100͒ substrate as shown in Fig. 1 , which is a z E-mail: jch@mse.nthu.edu.tw typical surface morphology of the substrate after a CNT deposition process. Cu is evidently not an appropriate catalyst for the growth of CNTs, which is consistent with the report of the very low catalytic efficiency of Cu by Deng et al. 18 The growth of CNTs on the Cu/Ti/Si͑100͒ substrate can be greatly enhanced by a pregrowth of a-C nanotips at a low temperature of 250°C for 3 h. Fig. 2b and c. Finally, a-C nanotips completely disappear and only CNTs exist on the substrate. The length of CNTs is measured to be 800 ± 75 nm. The CNTs are identified to be multiwalled carbon nantubes ͑MWCNTs͒ as shown in the transmission electron microscopy ͑TEM͒ image of a MWCNT in Fig. 3 . A lower magnification image showing the MWCNT with the catalyst particle at the end of the tube is also inserted in Fig. 3 . The wall-spacing is ϳ0.34 nm, which is similar to that reported by Kiang et al. 22 The growth mode of CNTs is "tip growth" because the Cu catalyst is located at the tip end. The Cu catalyst exhibits a ball-like shape of about 27 nm in diameter.
The a-C nanotips are considered to play two roles in the growth of CNTs. One role acts as the catalyst-assistant for the CNT growth. Huang et al. reported the successful growth of a-C nanotips on the Cu substrate. The a-C nanotips consists of a large amount of Cu ͑ϳ15%͒ because Cu diffuses into a-C nanotips from the Cu substrate. 23 This suggests that a-C nanotips may act as nanoscale channels for Cu to diffuse to the surface. In our opinion, Cu tends to form nanoparticles on the surfaces of a-C nanotips for the catalytic growth of CNTs at high temperature. The role of a-C nanotips is to assist the formation of Cu nanoparticles on the surface for the catalytic growth of CNTs, which is supported by the appearance of the Cu nanoparticle at the tip end of a MWCNT shown in the TEM image in Fig. 3 . One critical issue for the growth of CNTs is the growth temperature. Note that no Cu nanoparticles can be formed on the surface of a-C nanotips at 250°C. This suggests that the diffusivity of Cu is too low to supply enough Cu for nanoparticle formation from the Cu/Ti/Si͑100͒ substrate. By raising the substrate temperature to 750°C, the diffusivity of Cu is high enough to supply Cu for the formation of Cu nanoparticles, which results in the catalytic growth of CNTs.
The other role of a-C nanotips is to act as an additional carbon source for the growth of CNTs. Concentrations of carbon radicals and ions are speculated to be higher in the vicinity of CNTs because the a-C nanotips are etched in the CH 4 /H 2 mixed plasma at 750°C, supported by the disappearance of a-C nanotips as shown in Fig. 2c . If the speculation above is correct, shorter a-C nanotips would result in shorter CNTs. This is confirmed by the growth of CNTs on shorter a-C nanotips ͑100 ± 25 nm long͒ pregrown on the Cu/Ti/Si͑100͒ substrate at 250°C for 1 h. The length of the asgrown CNTs is 300 ± 75 nm, shorter than that in Fig. 2c . Note that the formation of Cu nanoparticles may be assisted by the etching of a-C at 750°C because Cu is leftover on the surface after the etching.
The bonding characteristics of the a-C nanotips and the MWCNTs can be extracted from the Raman spectra in Fig. 4 . A typical a-C nanotip exhibits two prominent peaks, D ͑ϳ1353 cm −1 ͒ and G ͑ϳ1600 cm −1 ͒. The D peak arises from the sp 2 bonds in the aromatic rings located at the surface of disorder graphite due to A 1g vibrate mode. The G peak is from all sp 2 bonds of graphite due to E 2g vibrate mode. 24, 25 The I͑D͒/I͑G͒ for the a-C nanotips in Fig. 4 is less than 1, indicating the CvC aromatic rings on the surface are minor compared to other carbon sp 2 bonds. In contrast, the I͑D͒/I͑G͒ is much higher than 1 for the MWCNTs, as shown in Fig. 4 . This is in good agreement with the structure of MWCNTs, where a large amount of CvC aromatic rings exhibit on the surface. The full width at half-maximum of the D peak for the MWCNTs is about 74 cm −1 , narrower than that for the a-C nanotips. This supports the theory that the CvC aromatic structure on the MWCNTs is more regular than that on the a-C nanotips.
The growth of CNTs on the a-C nanotips pregrown on the Cu/Ti/Si͑100͒ substrate is schematically shown in Fig. 5 . At first, a-C nanotips are grown on the Cu/Ti/Si͑100͒ substrate at 250°C. The a-C nanotips would assist the growth of CNTs by providing nanoscale channels for Cu to diffuse to the surface and to form nanoparticles on the surface at 750°C. The Cu nanoparticles act as catalysts for the growth of CNTs under tip growth mode, which is supported by the TEM image in Fig. 3 . Meanwhile, a-C nanotips are etched by hydrogen radicals or ions, which probably generate high concentrations of carbon radicals and ions in the vicinity of CNTs that help the growth of CNTs. Finally, a-c nanotips disappear and only CNTs exit on the substrate.
Conclusions
CNTs have been successfully grown on the Cu/Ti/Si͑100͒ substrate with the assistance of an interlayer of a-C nanotips. The a-C nanotips act as the catalyst-assistant that provides an effective nanostructure for Cu to diffuse and to form Cu nanoparticles on the surface. The a-C nanotips are unstable and disappear with time during the growth of CNTs, which also acts as a local carbon source for the growth of CNTs. The Cu nanoparticles are the real catalysts for the catalytic growth of CNTs on the Cu/Ti/Si͑100͒ substrate.
